The Chang 8 1 reservoir in the Maling Oilfield, Ordos Basin, China, is featured by complex microscopic pore structure and obviously different fluid distribution characteristics. It is a typical low-porosity and low-permeability reservoir. To analyze the occurrence characteristics and main controlling factors of movable fluids in Chang 8 1 reservoir, this study carries out NMR-based quantitative analysis, which is combined with several microscopic experiments involving analyses of conventional physical properties, image granularity, casting thin sections and electron microscope scanning. There are mainly three types of T 2 spectrum curves in terms of the shape, namely left-high-peak-right-low-peak, left-low-peak-right-high-peak, and unimodal shapes. Permeability is well correlated with movable fluid saturation, and larger physical property variation results in more significant movable fluid saturation variation. The main controlling factors that contribute to the obviously different occurrence characteristics of movable fluids are demonstrated to be pore type, pore-throat radius, pore-throat radius ratio, sorting coefficient, effective pore-throat volume, and clay mineral filling. Among them, pore and throat radii and pore-throat radius ratio are more dominant factors, followed by effective pore-throat volume and sorting coefficient. The clay mineral filling, pore type and physical property have the least influence on the movable fluid saturation.
Introduction
Movable fluid saturation, referring to a critical saturation value measured by nuclear magnetic resonance (NMR) experiments, can royally reflect occurrence characteristics of fluids in the pore structure (Gao et al. 2015; Yang et al. 2013; Zhang et al. 2015) . In this context, the reservoir pore structure can be intuitively and quickly evaluated by measuring the movable fluid saturation, which can help effectively evaluate the development effect in the low-permeability sandstone reservoirs. The NMR-based measurement can provide important information about movable fluid saturation, based on which further works can be done to characterize the microscopic pore structure and analyze variation characteristics and differences of movable fluids in the reservoir.
In the past decades, lots of works have been done in the NMR logging field (Al-Mahrooqi et al. 2006; Dlubac et al. 2013 ). In the early 1990s, NUMAR Company successfully developed its first pulse NMR instrument, and acquired, for the first time, the T 2 relaxation spectrum reflecting relaxation characteristics of rocks based on the NMR multi-index inversion algorithm (Cai et al. 2013; Li et al. 2008; Zou et al. 2012) . In 1991, Langfang Branch of Research Institute of Petroleum Exploration and Development of PetroChina introduced the first world-class superconducting NMR imager and carried out a large number of analyses concerning reservoir physical properties; then in 1996, it successfully developed a comprehensive NMR rock sample analysis system, which was able to accurately measure porosity, permeability, movable fluid saturation and oil saturation; subsequently, basic research and calibration works were done, such as determination of T 2 cut-off values of movable fluids in various kinds of rocks as well as establishment of NMR-porosity and NMR-permeability interpretation models (Freeman and Heaton 2000; Megawati et al. 2012; Nelson 2009; Zheng and Liu 2015) . At present, NMR technology is mainly applied in two fields, namely the indoor rock sample analysis and the logging interpretation (Bai et al. 2016; Zhou et al. 2016) . The former application can reflect NMR response characteristics, NMR porosity and NMR permeability of different types of reservoirs (Cao et al. 2016) . It can be combined with centrifugal experiments to calibrate T 2 cut-off value of movable fluids, while it can also be combined with displacement experiments to study oil-water and gas-water seepage mechanisms (Ren et al. 2015) . The latter application can precisely provide information about reservoir physical properties, including effective porosity, permeability, bound water saturation, and pore size distribution, according to the resonance signals generated by the hydrogen atoms in the reservoir fluid in the magnetic field. Further, movable and bound fluid volumes can be, respectively, calculated, which are critical and reliable parameters for pore structure analysis (Chen et al. 2015; Liu et al. 2016; Ma et al. 2012; Zhao et al. 2016) . In the evaluation of low-permeability tight sandstone reservoirs, not only the conventional parameters (e.g. reservoir thickness, continuity, distribution, porosity and permeability) but also the movable fluid properties should be highlighted.
Chang 8 1 reservoir in the Maling Oilfield, Ordos Basin, is featured by complex microscopic pore structure, low movable fluid saturation and diversified fluid distribution pattern. Previous works paid more attention to the measurement of movable fluid parameters (still not accurate enough), whereas investigations of movable fluid occurrence characteristics and controlling factors of movable fluids were insufficient. To more accurately characterize reservoir quality with fluid saturation parameters, this study conducts NMR measurements to quantitatively analyze the occurrence characteristics of movable fluids in the Chang 8 1 reservoir, which are combined with several microscopic experiments to explore the main controlling factors of diversified fluid occurrence characteristics. Results of this study can provide certain scientific basis for potential oil recovery enhancement in the Oilfield.
Geological setting and experiment

Geological background and samples
Geographically located in the Longdong Area of Gansu Province, China, and tectonically situated in the north Shaanxi slope structure zone of Ordos Basin, Maling Oilfield is known as the main oil and gas exploration and development area of Changqing Oilfield of Petro China due to its abundant reserves and large area (Ren et al. 2015a, b) . This study targets the Chang 8 1 reservoir of Triassic Yanchang Formation (Fig. 1) . During its depositional period, Maling Oilfield was controlled by the provenance from the northeast, southwest and west as well as the sedimentary system in the southwest. Delta front deposits were dominant.
According to the thin section observation and detrital component statistical analysis, Chang 8 1 reservoir mainly consists of lithic feldspathic sandstone and feldspathic lithic sandstone. Pore types are mainly micropores and dissolved intergranular pores, with porosity ranging from 6.78 to 12.07% (average 10.55%) and permeability ranging from 0.28 × 10 −3 to 2.301 × 10 −3 μm 2 (average 0.97 × 10 −3 μm 2 ). As a typical low-porosity and low-permeability reservoir, Chang 8 1 reservoir is characterized by small pores and throats, poor connectivity between pores and throats, complex pore and throat types, and various seepage influencing factors. Accordingly, this study adopts a variety of microscopic experiments to quantitatively characterize the occurrence characteristics of movable fluids, including conventional physical property analysis (193 samples), casting thin section observation (39 samples) and scanning electron microscopy (SEM) analysis (24 samples).
Based on the high-speed centrifugal experiments with different centrifugal forces on 13 core samples, T 2 spectra of simulated formation water-saturated core samples are obtained. Then, according to the T 2 spectrum shapes and corresponding centrifugal forces, it is found that the critical relaxation time value between bound fluids and movable fluids is 13.895 ms (Table 1) . To clarify variation characteristics of movable fluids in different experimental samples, T 2 values are divided into three intervals (< 10, 10-100, and > 100 ms) in this study. According to the standards of Chinese Oil and Gas Industry, the reservoirs are classified into Class I (excellent), Class II (good), Class III (average), Class IV (fair) and Class V (poor). This study classifies the reservoir into five classes according to the movable fluid saturation, which, respectively, correspond to the range of > 65, 50-65, 35-50, 20-35, and < 20% (Huang et al. 2016; Ren et al. 2016a, b) .
Experimental methods and procedures
NMR experiments
Nuclear magnetic resonance experiments can characterize the occurrence state of movable fluids, with relaxation time as an important indicator. Generally, relaxation time is not only influenced by physical properties of rocks but also the characteristics of fluids (Dai et al. 2016; Qu et al. 2016) . Relaxation time can be used to characterize the occurrence state of movable fluids, while different T 2 spectra correspond to different pore-throat structures of different types of rocks. For the water-saturated cores, free water in them has larger T 2 value, indication bigger pores, while bound water has smaller T 2 value, indicating small pores and immovable fluids (Gao et al. 2015; Wang et al. 2017 ). According to the industry standard (SY/T6490-2000), MagneT2000 instrument is used for NMR experiments. A total of 13 samples are conducted with centrifugal experiments under the empirically ideal centrifugal pressure of 300 Psi (about 2.07 MPa). Based on integration of the results and the empirical value in the study area, 13.895 ms is adopted as the boundary between movable and bound fluids (Table 1 ; Fig. 2 ).
Casting thin section and SEM observations
In this study, casting thin sections with the thickness of 0.03 mm and the area no less than 15 mm × 15 mm are observed under Leica DMRXHC and Linkam THMSG600 optical microscopes in the State Key Laboratory of Continental Dynamics of Northwestern University of China. Through the observation of 39 thin sections, information about surface porosity, pore and throat radii, pore-throat coordination number, and lithic composition is obtained. Meanwhile, using the FEI Quanta 650FEG device in the State Key Laboratory of Continental Dynamics of Northwestern University of China, SEM observation can help analyze the pore-throat property and clay mineral occurrence in the 24 samples, which can more accurately reflect the micro changes of mineral rocks (Fig. 4) .
NMR-based movable fluid characterization
When irradiating the hydrogen nuclei in the fluid medium with different resonance frequencies in the static magnetic field, electromagnetic waves with the corresponding frequency will be absorbed and polarized, referred to as nuclear magnetic resonance Yao and Liu 2012; Zhao et al. 2017) . This is the principle of movable fluid saturation measurement in the cores. According to Boltzmann's law, the ratio between the low-level and the excited-state magnetic nuclei remains roughly the same. The excitedstate high-level magnetic nuclei undergo energy reduction and transit to low-level magnetic nuclei. Such non-radiative process is referred to as relaxation. In practice, when the radio-frequency field is removed, the amplitude variations of the NMR signals in the hydrogen nuclei can be measured (Daigle and Johnson 2016; Li et al. 2008 ). The signal amplitude decreases exponentially with time until disappearing, and corresponding attenuation time is referred to as the relaxation time, which can be divided into longitudinal relaxation time (T 1 ) and transverse relaxation time (T 2 ). Since transverse relaxation corresponds to the transition of energy from protons to rock particle surface, it can be used to describe the signal attenuation rate (Ren et al. 2017; Shi et al. 2016; Zheng et al. 2013) .
Nuclear magnetic resonance experiments can provide much original information, such as physical properties, pore-throat distribution and size, reservoir space, and fluid type, which contributes to the T 2 spectra through their fitting and transformation. T 2 is positively correlated to the pore diameter, and also reflects the specific surface area of the rock pores. The precondition is that the core should be fully water saturated. The T 2 cutoff value corresponds to the upper size limit of pores with bound fluids (Yan et al. 2017; Yao et al. 2013) .
Under certain centrifugal test conditions, the NMR signals produced during the excitation of nuclei in fluids with different states in the pores of water-saturated cores are observed. Then, T 2 distribution patterns are compared and analyzed, which can help identify the properties of fluids on the rock pore surface as well as certain geological information including physical property, pore-throat structure, movable fluid volume, effective porosity, and upper limit of reservoir charging. Therefore, relevant works can promote the reasonable assessment of reservoir development potential.
Results and discussion
T 2 spectrum distribution characteristics
Bound fluid is mainly, although not absolutely, distributed in the tiny pores, while movable fluid is primarily in the big pores. As Chang 8 1 reservoir is featured by small pore and throat size, complex pore-throat structure and uneven pore throat coordination number, many large pores and throats are blocked by small or isolated pores, resulting in the poor pore-throat connectivity. Under the action of centrifugal force, T 2 spectrum distribution is highly diversified, which leads to huge difference of movable fluid occurrence characteristics.
Nuclear magnetic resonance experiments show that movable fluid saturation values of 13 core samples range from 18.85 to 80.59% with an average of 42.06%. According to the abovementioned classification standard, Class III and Class IV reservoirs are dominant in the study area. There are mainly three types of T 2 spectrum shapes, namely left-highpeak-right-low-peak (samples 2, 6, 9, 11, 12, and 13), leftlow-peak-right-high-peak (samples 1 and 5), and unimodal shapes (samples 3, 4, 7, 8, and 10) (Fig. 2) in the condition that the T 2 cutoff value for bound fluid is empirically set as 13.895 ms. As illustrated in Table 1 , smaller T 2 value corresponding to the main peaks in the left-high-peak-rightlow-peak spectrum indicates lower movable fluid saturation, while larger T 2 value corresponding to the main peaks in the left-low-peak-right-high-peak spectrum indicates lower movable fluid saturation.
Movable fluid occurrence characteristics and controlling factors
Influence of reservoir physical properties
As shown in Fig. 3 , the correlation coefficient of movable fluid saturation and porosity is 0.2424, much smaller than that of movable fluid saturation and permeability, which is 0.7467. Therefore, it is safe to conclude that movable fluid saturation is more strongly correlated with permeability than porosity.
It is also found that the 13 samples have a wide range of movable fluid saturation, and the movable fluid saturation does not necessarily increase with porosity and permeability. For instance, among samples 4, 8, and 3, their permeability increases from 0.28 × 10 −3 to 0.33 × 10 −3 µm 2 and then 0.69 × 10 −3 µm 2 , while their movable fluid saturations are, respectively, 34.92, 18.85 and 30.97%. However, the overall trend is that the movable fluid saturation generally increases with permeability. Meanwhile, it can be also clearly seen that movable fluid porosity is more positively correlated with permeability than porosity, with respective correlation coefficients of 0.6582 and 0.5307. Overall, compared to movable fluid saturation, movable fluid porosity is more positively correlated with physical properties. In other words, movable fluid saturation is less influenced by the physical properties. Therefore, physical properties cannot completely reflect the occurrence characteristics of movable fluids, as they are not controlled by single-reservoir parameters.
Influence of pore types
Through observation of conventional and casting thin sections, it is found that there are various types of pores in the Chang 8 1 reservoir, with dominant intergranular pores and dissolved pores (Fig. 4a, b) ; there are a few unevenly distributed lithic dissolved pores and intercrystal pores; micro-fractures are not developed; and the surface porosity is low (Table 2 ). All these indicate great porosity loss due to the strong destruction of primary intergranular pores by mechanical compaction, cementation, and filling, and dissolution contributes little to the surface porosity.
It can be seen from Fig. 5 that there is a relatively good correlation between intergranular pore and dissolved pore volumes and movable fluid saturation, with the correlation coefficient reaching 0.7225. Meanwhile, surface porosity is also well correlated with movable fluid saturation with the correlation coefficient of 0.7169. In addition, intercrystal pores are found to be rarely correlated with movable fluid saturation with the correlation coefficient as low as 0.0954. It can be seen that more developed feldspar dissolution pores generally contribute to higher reservoir movable fluid saturation, and intercrystal pores in the cement fillings have small influence on movable fluid saturation.
Moreover, surface porosity is demonstrated to be more correlated with movable fluid saturation than physical property, and all the surface porosity values are less than the corresponding porosity values.
Influence of microscopic pore structure characteristics
The main pore types in Chang 8 1 reservoir are residual intergranular pores and feldspar dissolved pores, while only those pores accessible to movable fluids are effective. This study carries out high-pressure and constant-pressure mercury intrusion tests on 13 samples to quantify the volume and heterogeneity parameters of pore space in the reservoir, based on which efforts are made to acquire information about effective pore and throat radii, effective pore volume per unit of rocks, effective throat radius per unit of volume, ratio of effective pore and throat radii, and sorting coefficient. Further, occurrence characteristics of movable fluids are analyzed from the perspectives of reservoir and seepage capacities. It is demonstrated that movable fluids mainly exist in the macropores, while bound fluids are primarily in the throats and micropores; throat is the main reason for the differences in microscopic heterogeneity; microscopic pore structure is also a key factor influencing occurrence characteristics of movable fluids.
Pore and throat radii, pore-throat radius ratio and sorting coefficient The mercury intrusion experiments of 13 samples in the study area show that the effective pore distribution is uneven and the data points are scattered. The weighted average effective pore radius is mainly distributed between 110 and 192 μm. Generally, smaller pore radius corresponds to poorer reservoir capacity and less occurrence of movable fluids. As for the effective throats, they are fine and tiny, with the weighted average effective throat radius ranging from 0.159 to 0.975 μm. Thus, the weighted average effective pore and throat radius ratio is calculated to range between 174 and 628, with the large values indicating uneven pore-throat distribution and large pore and throat radius difference, which further suggest less effectively connected pores and throats. The sorting coefficient is in the range of 0.06-0.99, indicating good sorting and thus concentrated throat distribution (Table 3) .
As can be seen from Fig. 6 , the correlation between the movable fluid saturation and the effective pore radius is small, and the correlation coefficient is 0.4627, suggesting unevenly developed, poor pores (Fig. 6a) . Comparably, the movable fluid saturation is more correlated with the weighted average effective throat radius with the correlation coefficient of 0.7835 (Fig. 6b) . In the throats with radius less than 0.7 µm, movable fluid saturations are all below 50%, while in the throats coarser than 0.7 µm, the movable fluid saturation obviously increases with the weighted average effective throat radius (except for samples 10 and 11). Therefore, it is safe to conclude that throat is the key factor that affects the occurrence characteristics of movable fluids. Larger effective throat radius is favorable for fluids to flow and contributes to larger movable fluid saturation.
With constant pressure mercury intrusion tests, information, such as pore-throat volume ratio and pore-throat radius ratio, can be obtained. It has been demonstrated that pore-throat radius ratio can reflect the pore-throat connectivity and pore-throat coordination relationship. As can be seen from Fig. 6 , the movable fluid saturation is negatively correlated with the weighted average pore-throat radius ratio, with the correlation coefficient of 0.6988 (Fig. 6c) . The pore-throat radius ratio determines the seepage ability of fluids in effective pores. Generally, larger pore-throat radius ratio corresponds to uniform distribution of pores and throats, and thus large pores are blocked by small throats, which increases the seepage resistance and makes it difficult for fluids to flow through. Consequently, the movable fluid saturation is relatively low. However, when the pore-throat radius ratio is small, effective pores are surrounded by large pores and throats, which are favorable for fluid flow and thus contribute to high movable fluid saturation. It should also be noted that as the pore-throat radius ratio decreases, small pores might be surrounded by throats, leading to low movable fluid saturation. Sorting coefficient also plays a role in controlling the movable fluid saturation. As can be seen in Fig. 6d , there is a good positive correlation between the movable fluid saturation and the sorting coefficient, with a correlation Effective pore and throat volumes The reservoir and seepage capacities of fluids in the pores of rocks are commonly influenced by pores and throats. According to the constant pressure mercury intrusion experiments of 13 samples, it is found that there is a good positive correlation between movable fluid saturation and effective pore volume per unit of rocks, with the correlation coefficient of 0.6279 (Fig. 7a) , while there is a less positive correlation between movable fluid saturation and effective throat volume per unit of rocks, with the correlation coefficient of 0.3955 (Fig. 7b) . Fluids in Chang 8 1 reservoir in the Maling Oilfield mainly occur in the effective pores and throats. Those in the effective pores have stronger seepage capacity, and the movable fluid saturation is more correlated with pore space, while those in the throats suffer poor connectivity and strong bound resistance, making it difficult for fluid to flow.
Based on the above results, it is found that the microscopic pore structure is an important factor affecting the occurrence characteristics of movable fluid saturation. The effective throat radius and the pore-throat radius ratio are the main factors, while the effective pore-throat volume and the sorting coefficient also play relatively important roles.
Clay minerals
The main clay mineral fillings in the Chang 8 1 reservoir of Maling Oilfield are chlorite, illite, kaolinite and illite/smectic mixed layers. The interstitials are mainly in dissolution pores and residual intergranular pores, and some of them are attached to pore-wall surface, seriously destroying the reservoir and influencing the occurrence characteristics of movable fluids.
As observed under the microscope, illite has the highest content (21.36%), followed by chlorite (18.74%), kaolinite (20.05%) and illite/smectic mixed layers (11.38) (Figs. 4, 8) . It can be seen from Fig. 8a that the illite content variation is different in different burial depth intervals, and as shown in Fig. 4c , filamentous and curly features of illites can be observed, and primary pores are isolated and filled due to the illites on the particle surface and in the throats. The relative content of chlorite gradually decreases with the increasing burial depth (Fig. 8b) , and chlorite, mainly in the needle-like shape, surrounds the rock particles, leading to the decrease of pore and throat radii and thus resistance for fluids to flow (Fig. 4d) . The relative content of kaolinite slightly increases with depth (Fig. 8c) , and the book-like kaolinite decreases the intergranular pore space and increases the ineffective pore space though it has rare influence on throats (Fig. 4e) . As for the illite/smectic mixed layers, their relative content increases with depth (Fig. 8d) , and they are filamentous under the microscope, whose extensive development greatly influences the occurrence of movable fluids (Fig. 4f) . It can be seen that clay minerals of different occurrences have different influences on the movable fluid, and more interstitials result in poorer connectivity.
X-ray diffraction analysis shows that the absolute content of clay minerals in Chang 8 1 reservoir ranges from 0.86 to 6.27% with an average of 3.3%. The negative correlations between movable fluid saturation and contents of illite and illite/smectite mixed layer are relatively strong, with respective correlation coefficients of 0.2035 and 0.3545 (Fig. 9a,  d ), which indicates that their existence can result in poor connectivity and more bound fluids surrounding pores. It is also found that there are very weak negative correlations between movable fluid saturation and chlorite and kaolinite contents with respective correlation coefficients of 0.0889 and 0.1518 (Fig. 9b, c) , suggesting their small influence on pores and throats. Therefore, it can be concluded that the content of clay minerals has a certain impact on the occurrence of movable fluids, but such impact originates from the common effect of various clay minerals.
Conclusions
1. The distribution of T 2 spectrum of Chang 8 1 reservoir in the Maling Oilfield, Ordos Basin, is characterized by three kinds of shapes, namely left-high-peak-rightlow-peak, left-low-peak-right-high-peak, and unimodal shapes. The movable fluid saturation ranges from 18.85 to 80.59% with an average of 42.06%, which is relatively low. Reservoirs are mainly Class III and Class IV. 2. The main controlling factors that influence the occurrence characteristics of movable fluids are demonstrated to be reservoir physical property, pore type, pore and throat radii, pore-throat radius ratio, sorting coefficient, effective pore-throat volume, and clay mineral filling. 3. Through analysis of the main controlling factors that influence the occurrence characteristics of movable fluids, it is found that physical properties have certain influence on the movable fluid saturation in the lowpermeability reservoir. Specifically, permeability is the main controlling factor with a correlation coefficient of 0.7467, and porosity also plays a role in determining the movable fluid saturation with a correlation coefficient of 0.2424. As for the influence of microscopic pore structure, effective pore and throat radii and pore-throat radius ratio are the primary controlling factors with respective correlation coefficients of 0.7835 and 0.6988, while effective pore radius, effective throat radius, and sorting coefficient also have obvious influence on the movable fluid saturation with respective correlation coefficients of 0.6279, 0.3955, and 0.6349. Meanwhile, clay mineral fillings, pore types and physical properties have relatively small impact. Different clay minerals have different influences on the movable fluid saturation due to their different occurrences, and more interstitials generally lead to poorer connectivity.
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